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E-mail address: x_d_wcumt@163.com (X. Wang)With the increasing demand of higher quality hot rolled strips, ﬂatness defects occurred on
the strips during the cooling process on the run-out table have received signiﬁcant atten-
tion and should be considered in the online shape control model. Non-uniform tempera-
ture distribution and cooling across the strip width are the main reasons why the strip
becomes unﬂatten after cooling process although the strip is rolled ﬂat at the ﬁnishing mill.
A thermal, microstructural and mechanical coupling analysis model for predicting ﬂatness
change of steel strip during the run-out table cooling process was established using ABA-
QUS Finite Element Software. In this model, Esaka phase transformation kinetics model
was employed to calculate the phase transformation, and coupled with temperature calcu-
lation by means of the user subroutine program HETVAL. An elasto-plasticity constitutive
model of the material, in which conventional elastic and plastic strains, thermal strain,
phase transformation strain and transformation induced plastic strain were taken into
account, was derived and realized using the user subroutine program UMAT. The conclu-
sion that the ﬂatness of the steel strip will develop to edge wave defect under the functions
of the different thermal and microstructural behaviors across strip width direction during
the run-out table cooling procedure was acquired through the analysis results of this
model. The calculation results of this analysis model agree with the actual measurements
and observation, therefore this model has a high accuracy. To better control the ﬂatness
quality of hot rolled steel strip, the shape compensation control strategy of slight center
wave rolling is proposed based on the analysis result. This control strategy has been veri-
ﬁed by actual measurements, and applied in actual production.
 2012 Elsevier Inc. All rights reserved.1. Introduction
After the steel strip is hot rolled, it is then subjected to cooling on the run-out table. The qualities of the ﬁnal product, such
as the metallurgical and mechanical properties and the ﬂatness, may vary signiﬁcantly depending on the cooling process.
The strip may show non-ﬂatness during the run-out table cooling because of the internal stress generated in it. The level
of internal residual stress in hot rolled steel strip has recently been recognized as an important quality parameter [1]. If
the residual stresses are not controlled or released, problems may arise in the following processing operations. For instance,
the longitudinal cuts will be deformed. Quality complaints arise about the non-ﬂatness problems are due to the residual
stress released when the steel sheets are cut to use.. All rights reserved.
fax: +86 10 88295026.
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process have been recognized and should be considered in the online shape control model. The evident unﬂatten or latent
unﬂatten defects on the strip are caused by the residual stress due to uneven thermal and microstructural behaviors during
the cooling. Large residual stress may cause local plastic deformation across the strip and consequently induce strip ﬂatness
defect. Narrow bands will undergo serious distortions because the internal equilibrium of the residual stress ﬁeld is de-
stroyed when steel strip is cut, even though the strip had no manifest shape defect before cutting.
It is a complicated process for the strip cooling on the run-out table during which thermal stress will generate due to un-
even cooling along the transverse direction. Other than the thermal stress, the uneven phase transformations also lead to
internal stress generation in the strip. Both the thermal and transformation stresses are the sources of the residual stress
leading to the ﬂatness defects. The residual stress must be controlled to be as low as possible in the actual production. Many
researches [2–5] on the heat transfer and metallurgical phenomena during the cooling of hot rolled strip have been carried
out. On the contrary, even though many mill engineers and researchers are keenly interested in precise prediction and con-
trol the residual stresses generated in the strip during the run-out table cooling, the researches on this aspect are still not
adequate to solve the problem.
Precise investigation of the residual stress developed in the strip during the cooling has become more and more impor-
tant, and has received signiﬁcant attention [6–17]. Yoshida [6] proved that uniform transverse temperature distribution and
even cooling can prevent wavy edges on the hot rolled steel strip after cooling, and also mentioned that higher coiling tem-
perature is beneﬁcial to reduce the residual stress through a numerical temperature and thermal stress analysis. In the re-
search of deﬂections of the thermomechanical controlled process (TMCP) plates conducted by Wang et al. [7], the
temperature drop at strip edge will lead to center wave ﬂatness defect occurring at the ﬁrst deﬂection stage during or after
cooling and before hot leveling, while it will lead to edge wave ﬂatness defect occurring at the second deﬂection stage during
the ﬂattened plate is air cooled to ambient temperature. Yoshida et al. [8] developed a predictive mathematical simulator of
temperature, thermal stress and shape defect during accelerated cooling in steel plate, and proved by longitudinal cutting
test. Suzuki and Isaka [9] concluded that the temperature uniformity in plates is important to control the residual stress
and improve ﬂatness accuracy of plates during hot levelling based on the FEM and the model testing results. Tani et al.
[10] developed an on-line shape control system including buckling and camber estimation techniques and residual stress
control technique by means of roller levelling for plate during cooling process. During the analysis it was proved that the
shape defect will be the edge wave after the cooling because of the uneven temperature distribution. Cai [11] also acquired
the conclusion in his thesis paper that the edge wave will happen after the cooling of steel strip even though the strip is ﬂat
after the rolling. Han et al. [12] developed a two dimensional FEM model to simulate the deformation, temperature and
phase transformation behavior in thickness and width direction of steel strip during run-out table cooling. Edge deforma-
tions of strip can be predicted while ﬂatness defects can not be acquired using this model. Colás et al. [13] developed a sim-
ple model to predict the wavy edge shape defects resulted by thermal and microstuctural gradients across the width of the
strip during the cooling processes.
A preliminary computational analysis of the residual stress generation during the cooling process of hot rolled thin gauge
strip on the run-out table was performed by Zhou et al. [14]. While the conclusion is that the center wave happens on the
strip after cooling. One consistent shape prediction simulator was developed by Ogai et al. [15], in which the cooling courses
the run-out table, downcoiler and coil yard were covered. The calculation shows that center wave occurs on the strip during
its cooling on the run-out table, and then center wave weakens during coiling in the downcoiler, in the end center wave dis-
appears and edge wave appears during cooling at the coil yard. Zhou et al. [16] showed that temperature drop in the edge
will result to wavy edges on the strip during the run-out table cooling. Nikitenko and Gris [17] also observed that ﬂatness
deterioration can be caused by non-uniform water cooling across the strip width during strip transport through laminar
cooling on the run-out table, which is a result of excessive thermal contraction in the over-cooled strip edges. The measure
that lower coiling temperature can lead to phase transformation completion across strip width was put up forward to im-
prove that situation. However, it seems unreasonable. The maximum residual stress in hot rolled steel strip measured by
Hidveghy et al. [1] was about 115 MPa. However, the size of the sample was small with 250 mm both in the width and
length, parts of the residual stresses may be released during the sample cutting.
Modeling for precise prediction of the residual stresses in the steel strip during the cooling processes is a difﬁcult task due
to the strong interaction among the thermal, mechanical and metallurgical behaviors, shown as in Fig. 1. In general, inter-
actions 5 and 6, e.g. the inﬂuences of stress and strain on phase transformation and the temperature ﬁeld can be neglected in
the modeling. In order to calculate the residual stress, the elastic strain, the plastic strain, the volumetric strain due to ther-
mal and phase transformation, and the transformation induced plastic strain should be taken into account in the constitutive
model. The inhomogeneous cooling and the difference of the phase transformation in the width direction of the strip on the
run-out table give rise to the large residual stress. There is few work in which the effect magnitudes of the ﬁve sources of
deformation mentioned above are reviewed in detailed up to now. Most of the researches [6–17] mainly focused on the ther-
mal stress analysis with or without considering the phase transformation. The residual stresses calculated by Yoshida [6],
Colás et al. [13] and Zhou et al. [14] are within the range of 50–100 MPa consisted of the volumetric changes due to the ther-
mal and phase transformation. While in the research carried out by Cai [11] the residual stresses are 150–220 MPa although
the phase transformation strain and thermal strain were taken into account. The transform induced plastic strain was con-
sidered as well as the thermal and phase transformation induced volumetric strains in the work of Han et al. [12]. The inves-
tigation results showed the elastic strain, plastic strain, phase transformation induced volumetric strain, and the
Fig. 1. The interactions among the thermal, mechanical and metallurgical behaviors.
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underestimated when the transformation induced plastic strain is neglected. Yoshida et al. [8] conﬁrmed in their research
that transformation has an important inﬂuence on prediction accuracy of the residual stress generation in the steel plate dur-
ing cooling. Koo et al. [18] mentioned in their work the effect of transformation induced plasticity is required for precision
analysis as a future work.
The phase transformation induced plasticity (TRIP), which has an important inﬂuence on the residual stress ﬁeld during
the metal heat treating, have been widely taken into account in the thermal, mechanical and metallurgical coupling anal-
ysis models [19–26]. TRIP, not a kind of normal plasticity behavior, can cause plastic ﬂow during the metallurgical phase
transformation process although when the stress is much lower than yield stress limit of the material. The opening work
explaining TRIP effect was carried out by Greenwood and Johnson. The constitutive model in which whether or not TRIP
effect is considered is important for investigating temperature, phase transformation and stress-strain interactions during
steel heat treatment [19–26]. Fischer et al. [22] brought forward a new view on TRIP, and presented a proposal for a mod-
iﬁed constitutive law for elastic plastic phase changing materials. In the research of Yao et al. [24], the result veriﬁed that
TRIP has a signiﬁcant inﬂuence on the ﬁnal stress distribution in the metal during heat treatment, for instance, at one
point the residual stresses changes from 200 MPa when only thermal stress is considered to 30 MPa when the thermal
and the phase volumetric strain are considered, and then to 70 MPa when the phase transformation induced plastic strain
are taken into account additionally. Silva et al. [25] made the conclusion that great discrepancies will be introduced in the
predicted residual stresses if phase transformation is neglected during the steel quenching. In the process of hot strip roll-
ing, the steel strip on the run-out table is cooled down by mainly water as a kind of heat treatment, so it can be deduced
that the phase transformations induced plasticity also have a great inﬂuence on the internal stress in the steel strip during
the cooling process. However, this effect has not been emphasized in the early research works. Therefore, TRIP effect
should be taken into account in the investigation of the residual stress generation in the steel strip during the cooling
process.
Wang et al. [27] analyzed the thermal stresses during the cooling of hot rolled strip on the run-out table using ﬁnite ele-
ment method. Although phase transformations were considered in the model, both of transformation strain and transforma-
tion induced plastic strain have not been coupled with the thermal and stress behaviors. For a thorough investigation on how
the strip ﬂatness changes during the cooling, a FE model in which temperature, phase transformation and stress/strain were
fully coupled to analyze the internal stress evolution has been established using ABAQUS in this work, and the results were
compared with the measurements.
2. Mathematic models used in FEM
2.1. Thermal model
The thermo-mechanical analysis involves solving the transient heat transfer and thermal stress problem describing the
temperature and thermal stress variations with time in the strip during cooling. During the run-out table cooling process,
the temperature distribution in the strip can be calculated using the governing partial differential equation shown as
follows:@
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X. Wang et al. / Applied Mathematical Modelling 37 (2013) 586–609 589where q is the density, cp(T) is the temperature dependent speciﬁc heat; k(T) is the temperature dependent thermal conduc-
tivity of the material with the subscripts x, y and z representing its components in three directions of width, length and thick-
ness, respectively; T and t are temperature and time, respectively; and _q is the rate of heat generation term representing the
internal heat source released due to phase transformation of austenite_q ¼ DHi DXiDt ; ð2Þwhere DHi is the amount of heat of transformation at temperature Ti and DXi is the transformed fraction within the time
increment Dt.
2.2. Phase transformation model
Hot rolled plain low carbon steel strip was selected as the research object. Esaka phase transformation dynamic model of
plain C-Mn steel introduced in the reviewing paper of Kwon [28], was employed in this work. Esaka phase transformation
dynamic model was established on the basic of Avrami function and is suitable to be applied in C-Mn steel. Two factors
affecting k value namely austenite grain diameter Dc before phase transformation and retained strain De were considered,
and the main structure of this model is as follows:X ¼ Xmax 1 exp  12:24
2:24
Dc
qþ 0:114ðDeÞ2
 
 ð1þ BðDeÞÞkðt  sÞn
  
; ð3Þwhere X and Xmax are the transformed fraction and the maximum fraction of one phase, respectively; t is the time; incubation
period s and parameters k and n used in the phase transformations of austenite to ferrite, pearlite and bainite are respec-
tively determined by Eqs. (4)–(6) expressed as follows:ln sF ¼ 1:6454 ln kF þ 20 ln T þ 3:265 104T1  173:89;
kF ¼ expð4:7766 13:339½%C  1:1922½%Mn þ 0:02505ðT  273Þ;
3:5607 105ðT  273Þ2Þ;
nF ¼ 1:0;
8>><
>>>:
ð4Þ
ln sP ¼ 0:91723 ln kP þ 20 ln T þ 1:9559 104T1  157:45;
kP ¼ expð10:164 16:002½%C  0:9797½%Mn
þ0:0079ðT  273Þ  2:313 105ðT  273Þ2Þ;
nP ¼ 1:0;
8>><
>>>:
ð5Þ
ln sB ¼ 0:68352 ln kB þ 20 ln T þ 1:6491 104T1  155:30;
kB ¼ expð28:784 11:484½%C  1:112½%Mn
þ0:13109ðT  273Þ  1:2077 104ðT  273Þ2Þ;
nB ¼ 1:4;
8>><
>>>:
ð6Þwhere T is the temperature; [%C] and [%Mn] are the weights of chemical C and Mn in percentage, respectively; subscripts A,
F, P and B represent austenite, ferrite, pearlite, and bainite, respectively; the formulae for calculating parameter q used in the
Eq. (3) is illustrated in [28]; parameter B is determined as 4 for ferrite and 100 for pearlite respectively; Xmax values related to
the maximum ferrite fraction Fmax, pearlite fraction Pmax and Baintite fraction Bmax are determined as follows:Xmax ¼
Fmax ¼ f ðTÞ 993K < T 6 Ar3;
Pmax ¼ f ð993Þ TPE < T 6 993K;
Bmax ¼ 1 f ð993Þ T < TPE;
8><
>: ð7Þwhere the function f(T) is given as follows:f ðTÞ ¼ 1 ½%C=C0; ð8Þ
where C0 and TPE, are the carbon content in weight percentage at the temperature Ar3 and the transformation temperature of
pearlite, respectively, C0 = 14.09  0.02973(T  273) + 1.5656  105(T  273)2.
2.3. Constitutive equations
Total strain in steel strip can be decomposed into ﬁve parts due to different causes during the cooling procedure, and it
can be written to be the incremental form [23] as followsdfeg ¼ dfege þ dfegth þ dfegp þ dfegtr þ dfegtp; ð9Þ
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strain, thermal strain and conventional plastic strain, respectively; d{e}tr and d{e}tp, relevant to phase transformation, are
increments of phase transformation strain due to phase volume change and phase transformation induced plastic strain,
respectively.
Thermal strains due to non-uniform temperature distribution and cooling are depended onmicrostructural compositions:dfegth ¼ ðXAaA þ XFaF þ XPaP þ XBaBÞ _T  dij; ð10Þwhere a is thermal expansion coefﬁcient, C1; dij ¼ 1 i ¼ j0 i– j

is Kronecker tensor.
Phase transformation strain increment due to phase volume change during the phase transformation process is calculated
as follows:  !dfegtr ¼
X
k
¼ 2Ibk _Xk  dij; ð11Þwhere b is the phase transformation expansion coefﬁcient; subscripts 1, 2, and 3 represent austenite, ferrite, and pearlite,
respectively; I is the total phase number.
On the viewpoint of microstructure, TRIP effects usually can be explained through two mechanisms [29]: (1) Magee the-
ory, ﬁtting to martensite transformation; (2) Greenwood–Johnson theory, ﬁtting to the situation mother phase will expan-
sion because of new phase generation and then microstructural plastic strain is produced. Because there are only
transformations from austenite to ferrite and pearlite in this research work, Greenwood-Johnson model was selected to de-
scribe the phase transformation induced plasticity. The phase transformation induced plasticity (TRIP) deduced by Green-
wood and Johnson [19] is expressed as follows:etp ¼ 5
6
d
r0y
r; ð12Þwhere d is the strain due to phase volume change; r0y is the yield stress of mother phase. In Eq. (12), as well as in the sub-
sequence, boldface letters and symbols represent the second-order tensors if there is no another special illustration.
There are many researchers such as Abrassart, Leblond and Desalos who have modiﬁed the Greenwood–Johnson model,
the model modiﬁed by Leblond is one of the most widely used in practical applications [23]:dfegtp ¼ 3
2
ktp uðXÞ  _X  Sij; ð13Þwhere ktp is the coefﬁcient of transformation induced plastic strain, a constant depended on the alloy contents of the steel; Sij
is the deviatoric stress tensor; uðXÞ is a function of new phase volume fraction.
To avoid the problem that Eq. (12) overestimates the transformation induced transformation plasticity at the beginning of
transformation, Leblond proposed to disregard the transformation induced plasticity when the new generated phase fraction
is less than or equal to 0.03. This conclusion has been veriﬁed to agree with reality through the results obtained by Taleb and
Sidoro [29]. In this work, Leblond extended model was employed as the calculating formulation of TRIP composition of the
material constitutive equation, and is expressed as follows:detpij ¼
0 if X 6 0:03
 2De12ry
A
 lnðXÞ  _X  32  hðr
eq
ry Þ  Sij if X > 0:03
(
; ð14Þwhere De12 is the volume change due to austenite transforms to the new phase; ryA is the yield stress of austenite; r
y is the
yield stress of the mixed structure; req is the equivalent stress; h reqry
 	
is the nonlinear term when the exerted stress is more
than half of ry:h
req
ry
 
¼ 1 if
req
ry 6 12
1þ 3:5ðreqry  12Þ if r
eq
ry >
1
2
(
; ð15ÞDerivation work on the material constitutive equations can be divided into two segments, namely elastic and plastic
deformations. At beginning of each step during the calculation, whether phase transformation has started or not will be
judged. If the phase transformation occurs and its volume fraction is larger than 0.03, according to Eq. (14), transformation
induced plastic ﬂow happens even though the equivalent stress is lower than the yield stress. Transformation plastic strain
ﬂows along the direction of the current derivatoric stress. Constitutive function when transformation induced plastic behav-
ior happens can be expressed as follows [24]:dfrg ¼ ½Dtp  dfeg  df~egth  dfegtr
 	
; ð16Þwhere½Dtp ¼ K1 1þ 2Gg0 I
1
3
1 1
 
 2Gc0n n; ð17Þ
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EpðTÞ
2ð1þvpðTÞÞ are bulk and shear modules, respectively; 1 and I are the second order and the fourth order
identity tensors, respectively; g0 and c0 can be calculated according to the formulae in [24].
In the elastic deformation region, the total strain increment can be expressed as follows:dfeg ¼ dfege þ dfegth þ dfegtr þ dfegtp: ð18Þ
The elastic strain is linearly related to the applied stress by isotropic Hooke’s law, and then stress increment rij can be
derived and expressed as the vector form in which material properties parameters depended on temperature are considereddfrg ¼ ½Del  ðdfeg  df~egth  dfegtr  dfegtpÞ; ð19Þ
wheredf~egth ¼ ðXAaA þ XFaF þ XPaP þ XBaBÞ½1 1 1 0 0 0 T þ d½D
1
el
dT
frg
" #
_T; ð20Þwhere [D]el can be described as the tensor form:Del ¼ K1 1þ 2G½I ð1=3Þ1 1: ð21Þ
When the material undergoes macro plastic deformation, the total strain increment can be expressed as follows:dfeg ¼ dfege þ dfegth þ dfegp þ dfegtr þ dfegtp: ð22Þ
Based on the relationship between elastic stress and elastic strain, stress increment can be rewritten as follows:dfrg ¼ ½Del  ðdfeg  dfegp  df~egth  dfegtr  dfegtpÞ: ð23Þ
To the metal plastic material such as steel, plastic strain increment is related to the yield facet. In this work, isotropic
hardening Von-Mises yield criterion and Prandtl–Reuss plastic ﬂow rule were employed:f ðrijÞ  13r
2
s0 ¼ 0; ð24Þ
depij ¼
3
2
depnij; ð25Þwhere rs0 is the yield stress of material; depij the plastic strain rate; nij ¼ Sij=r; dep the equivalent plastic strain rate,
dep ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3=2depijde
p
ij
q
; r the equivalent stress, r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
2 SijSij
q
.
Assume H is the rate of slope at any one point of hardening curve r R dep:
H ¼ dr
dep
: ð26ÞThrough derivation, the constitutive equation (23) when the material undergoes plastic deformation was expressed as
follows:dfrg ¼ ½Dep  ðdfeg  df~egth  dfegtr  dfegtpÞ; ð27Þ
where½Dep ¼ ½Del 
½Del @r@frg  @r@frg
 	T
½Del
H þ @r
@frg
 	T
½Del @r@frg
: ð28Þ3. FEM analysis model
This numerical analysis work was carried out on the basic of the real production processes and conditions in one hot strip
mill in Shougang Group. The run-out table is 130 m long and the behavior of a strip with a certain length was investigated. A
fully coupled temperature-displacement analysis of the internal stress in the strip developed during cooling was carried out
using ABAQUS Version 6.5 [30], which provides the pre- and post- processors and the solvers for the ﬁnite element analysis.
That software provides the user with many user subroutines as powerful tools to accurately simulate the non-linear bound-
ary conditions, loads, and constitutive behavior of materials.
A ﬁnite element model of the strip cooling process covering the full length of the run-out table will be computationally
inefﬁcient and high cost. One segment of the strip with 6 m length was chosen to be the research object. During the cooling
process, the strip is transported on the run-out table, while the cooling proﬁle is stationary in time. For convenience of cal-
culation, it is assumed that the cooling process is moving with a static strip. The steel grade of the strip selected to be cal-
culation object is HP295.
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The length, width and thickness of the strip segment to be computed are 6 m, 1200 mm and 4.0 mm, respectively. Strip
velocity was assumed to be 6.0 m/s. The strip is cooled from 880 to 620 C on the run-out table. The model was established in
the rectangular coordinate system, and the directions 1, 2 and 3 represent width, thickness, and length respectively. Element
type is C3D8T, and element size is 30 mm. Meshes of the computation model is shown in Fig. 2.
3.2. Determination of the physical parameters
The material physical parameters depending on temperature have important effects on the results of computation. It is
necessary to correctly select the physical parameters for ensuring the computation precision of the temperature and internal
stress. Low carbon steel HP295 was selected as the computation subject, material characteristic parameters such as speciﬁc
heat, thermal conductivity coefﬁcient were provided by hot strip mill of Qiangang Iron and Steel Company of Shougang
Group as shown in Table. 1. Young’s modulus and Poisson’s ratio, hardening curves, which were determined according to
Ref. [14] as shown in Figs. 3 and 4, were deﬁned in the input ﬁle and passed into the user subroutine program UMAT of mate-
rial constitutive model. Other material characteristic parameters including density, yield stress of every phase are shown as
in Fig. 5, and thermal and phase expansion coefﬁcients are given in Eq. (29) and Eq. (30), respectively. They are all depended
on the temperature, and directly deﬁned in the user subroutine program UMAT. The linear mixed rule was employed to cal-
culate the parameters on the given temperature points, and then the value located between two temperature points was
obtained by the linear interpolation method.
Thermal expansion coefﬁcient (106 C1) of each phase is determined as follows [11]:aA ¼ 16:4þ 6:6 103T
aF ¼ 12:34þ 3:58 103T
aP ¼ 15:5
8><
>: ; ð29ÞPhase expansion coefﬁcient is given by Cai [11]bA!F ¼ 2:17 103 þ ½ð750 TÞ  4:06þ ð7502  T2Þ  1:51 103  106;
bA!P ¼ 4:81 103 þ ½ð700 TÞ  0:9þ ð7002  T2Þ  3:3 103  106:
(
ð30Þ3.3. Boundary conditions
To solve the temperature differential equation, it is very important to deﬁne boundary conditions accurately. The laminar
cooling of the hot rolled strip on the run-out table is a relatively complicated process of heat transfer. The boundary condi-
tions can be generalized to be convection heat transfer equation between the strip surface and cooling water and the radi-
ative equation between the strip and the atmosphere. The boundary conditions can be described as followsFig. 2. Meshes of the computation model.
Table 1
Thermal conductivity coefﬁcient and speciﬁc heat depended on
temperature.
Temperature C Thermal conductivity
coefﬁcient W/(m K)
Speciﬁc heat
J/(kg K)
550 34.4 692
600 31.8 735
650 28.5 752
700 27.2 866
750 26.2 1021
800 25.8 839
850 25.5 742
900 25.4 725
950 25.5 718
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Fig. 3. Young’s modulus and Poisson’s ratio depended on temperature.
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X. Wang et al. / Applied Mathematical Modelling 37 (2013) 586–609 593
Fig. 5. The yield stress of every solid phase [31].
594 X. Wang et al. / Applied Mathematical Modelling 37 (2013) 586–609k @T
@n ¼ hw1ðT  Tw1Þ;
k @T
@n ¼ hw2ðT  Tw2Þ þ reðT4  T4w2Þ;
(
ð31Þwhere n is normal direction of strip’s surface; hw1 and hw2 are convection heat transfer coefﬁcients on the strip surface be-
tween the cooling water and the air, respectively; r is Stefan–Boltzmann constant, 5.6697  108 Wm2 K4; e is emissivity
and setup to be 0.7 in this model; Tw1 and Tw2 are temperatures of cooling water and atmosphere, respectively.
Just after the exit of the last ﬁnishing stand, there exists a length of about 10m where the strip is cooled in air, called air
cooling zone. Following this region, the strip enters into water cooling zone. A certain rows of water jets impinge on the strip
surface to take away the heat in the strip. From the last bank of water cooling to the coiler, there also exits an air cooling
zone. Forced convection heat transfer and stable ﬁlm boiling respectively take place in two water ﬂowing zones of impinging
zone and parallel ﬂowing zone on the strip surface. Too much computation time is needed to deﬁne the two kinds of heat
transfer conditions very close to reality. Therefore, to make analysis simple, the total length of the run-out table has been
divided into two different kinds of cooling zones, namely water cooling and air cooling. The water cooling zone is treated
as a whole part, and one average heat ﬂux referred to Cox et al. [32] is assumed during the analysis. The heat ﬂux value
can be adjusted to represent the running speed of the strip, and described in the following analysis. The detailed structure
of the run-out table and thermal boundary conditions can be seen in Fig. 6.
Mechanical boundary conditions also should be deﬁned during the internal stress analysis of the strip cooled on the run-
out table after hot rolling. Boundary Constraint conditions are deﬁned during the establishment of FEM model using the
ABAQUS. Full displacement constraint is applied to one end of the strip segment, while the other end is assumed to be free.
Two strip edges are assumed to be simply support condition along y direction normal to the rolling direction.
3.4. Initial conditions
When steel strip leaves the last stand of ﬁnishing mill and before it enters into cooling zone, one initial temperature ﬁeld
and one initial stress distribution already exist. Both of the initial temperature ﬁeld and initial stress are not uniform. ABA-
QUS software provides user subroutine programs to realize uneven ﬁeld variables loading.
Actual temperature measurements along transverse direction on the strip were carried out by means of two infrared ther-
mal imagers at the exit of last stand of ﬁnishing mill and the entry of the downcoiler. Transverse temperature distribution
can be ﬁtted to a fourth order polynomial function of transverse coordinate using the least squares method. By means of user
subroutine program UTEMP, initial temperature ﬁeld as shown in Fig. 7 was deﬁned. Because the thickness of strip to be ana-
lyzed is very thin, uniform initial temperature distribution through the thickness direction of strip was assumed in the anal-
ysis. The result of initial temperature ﬁeld loaded on the analysis model can be seen in Fig. 8.
After ﬁnish rolling, a stress distribution representing a certain ﬂatness pattern already exists in the strip. To simulate the
initial ﬂatness, initial stress distribution should be loaded. The initial stress distribution can be expressed using relative
Fig. 6. (a) Structure of run-out table cooling; (b) thermal boundary conditions for water cooling and air cooling.
Fig. 7. Initial temperature distribution along transverse direction of strip.
X. Wang et al. / Applied Mathematical Modelling 37 (2013) 586–609 595elongation difference along transverse direction of the strip. As shown in Fig. 9, ez (x), x coordinate and z coordinate represent
the relative elongation difference between center and edge of strip, width and length directions of strip, respectively. Initial
stress can be determined as follows:
Fig. 8. Initial temperature ﬁeld of the strip loaded through UTEMP.
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where E is Young’s modulus of material with end rolling temperature, MPa; epz (x) is the elongation of ﬁber at x coordinate, m;
epm is the mean elongation of strip along transverse direction, and can be calculated by the following equation.epm ¼
R b
b e
p
z ðxÞdx
2b
; ð33Þwhere b is one half width of the strip, m. Based on the large amount of actual ﬂatness gauge measurements, epz (x) is assumed
to be a parabolic curveepz ðxÞ ¼ a0 þ a1xþ a2x2; ð34ÞFig. 9. Relationship between initial ﬂatness and internal stress (a) edge wave (b) center buckle.
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Same as the initial temperature, initial stress was loaded by means of the user subroutine program SIGINI, and the result
of initial stress is shown as in Fig. 10.
As two initial parameters in the phase transformation calculation, the austenite grain size and retained strain also need to
be deﬁned. According to the research result obtained by Zhang et al. [33] that the austenite grain diameter after hot rolling
and before the cooling is within the range of 20–40 um. The steel chemical compositions and the processing parameters in
Ref. [33] are similar to those in this work. Therefore the austenite grain diameter Dc is assumed to be 20 um.
Retained strain De in the strip after ﬁnish rolling is calculated as followsDe ¼ ðfD  ec þ fN  eÞ  expð1 ðt=stÞkÞ; ð35Þ
where fD and fN are the volume fractions of dynamic recrystallization and non-recrystallization, respectively, determined by
Esaka calculation models seen in Ref. [28]; ec is the deformation value when recrystallization begins; R is the gas constant;
st = 8.46  109exp(43800/RT); e is the total deformation from reduction as deﬁned belowe ¼  2ﬃﬃﬃ
3
p lnð1 PÞ; ð36Þwhere P = (H  h)/H is the reduction of thickness, H and h are the thickness values before and after the deformation process
respectively.
4. Results and discussion
In this work, HP295 steel grade produced in one hot strip mill of Qiangang Iron and Steel Company of Shougang Group
was selected as the research object, and the chemical compositions are shown in Table. 2.
Computation procedure in the FEM model is divided into three steps.
(1) The ﬁrst step is air cooling process of 12.7 m distance from the last stand ﬁnishing mill F6 to the ﬁrst row of laminar
water cooling pipes. Air temperature and its convective coefﬁcient were assumed to be 30 C and 30 Wm2 k1,
respectively.
(2) The second work step is water cooling process lasting 10 s, heat ﬂux values on strip top surface and bottom surface
were set to be 2.4  107 and 1.8  107 Wm2, respectively. The atmosphere temperature was 28 C.
(3) The third work step is also air cooling and the time is 4 s. The related parameters for boundary conditions are same as
those of the ﬁrst work step.
4.1. Realization of the thermal, metallurgical and mechanical coupling analysis
ABAQUS Finite Element Software has been widely applied in the numerical simulations of many industrial processes such
as metal plastic forming and heat treatment. In this study, ABAQUS was employed to realize the coupling analysis of the
thermal, metallurgical and mechanical behaviours to calculate the internal stress evolution during the strip cooling process.Fig. 10. One example of initial stress in strip, 20 I Unit ﬂatness.
Table 2
Chemical composition of steel HP295 used in simulation (in wt%).
C Si Mn P S Al
0.174 0.014 0.9 0.011 0.009 0.02
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programmed in the user subroutine program HETVAL. Both of the transformation phase fractions and latent heat were cal-
culated, as a results coupling between the phase transformation and temperature ﬁeld was realized. Other important param-
eters such as phase fractions, phase increments, incubation time of phase transformation, beginning transformation
temperature, initial residual strain and austenite grain diameter, and so on were deﬁned as the state variables and initialized
in the user subroutine program SDVINI. 51 state variables were deﬁned and the detailed is introduced as follows:
STATEV(1) to STATEV(5) represent the fractions of austenite, ferrite, pearlite, bainite and martensite, respectively;
STATEV(6) to STATEV(8) represent the incubation time of ferrite, pearlite and bainite, respectively;
STATEV(9) to STATEV(12) represent the fraction increments of ferrite, pearlite, bainite and martensite, respectively;
STATEV(13) and STATEV(14) represent the initial grain size of austenite and the residual strain, respectively;
STATEV(15) to STATEV(20) represent the six components of elastic strain, respectively;
STATEV(21) to STATEV(26) represent the six components of plastic strain, respectively;
STATEV(27) represents the equivalent plastic strain;
STATEV(28) to STATEV(33) represent the six components of phase transformation induced plastic strain, respectively;
STATEV(34) to STATEV(39) represent the six components of thermal strain, respectively;
STATEV(40) to STATEV(45) represent the six components of phase transformation strain, respectively;
STATEV(46) to STATEV(48) represent the phase equilibrium temperatures of ferrite, pearlite and bainite, respectively;
STATEV(49) to STATEV(51) represent the beginning temperatures of phase transformation for ferrite, pearlite and bainite,
respectively.
These state variables were updated in the calculation processes of HETVAL and UMAT. The material constitutive model
introduced in Item 2.3 was programmed in the user subroutine program UMAT. The ﬂow charts of subroutines HETVAL
and UMAT are shown as Figs. 11 and 12, respectively. Full coupled analysis of the thermal, mechanical and microstructural
behaviors was realized by means of these subroutines with the help of these state variables.4.2. Temperature and phase transformation calculation results
To clearly analyze the inﬂuences of cooling process on the ﬂatness of the strip and to provide the initial temperature data
and to verify the FEMmodel, the temperature distributions along strip width at the exit of the ﬁnishing mill and the entry of
the downcoiler were measured by means of two infrared thermal imagers at the same time. The strip information such as
coil number, steel grade, gauge, end rolling temperature and coiling temperature were recorded. Large amount of measure-
ments were conducted and recorded, and then processed, one example is shown in Fig. 13.
Precision of the temperature computation is the foundation of the internal stress analysis. To prove consistency of the
calculation result of temperature with the production data, ﬁnish rolling temperature and coiling temperature recorded
by system can be used. During the actual production, only the temperature at the steel strip center is measured and con-
trolled. The calculation result of temperature evolution along strip’s transverse direction during the run-out table cooling
is shown in Fig. 14. The temperature on the strip center at the exit of ﬁnish rolling mill is 880 C, while about 620 C after
the cooling. Temperature evolution calculation result is of consistency with the temperature control requirement of the steel
grade HP295 in the actual production. The temperature proﬁle along the strip width can be extracted from the measurement
result of the infrared thermal imager. The temperature distribution comparison between the actual measurement and the
calculation at the coiling stage is shown as in Fig. 15. It is mentioned before the temperature proﬁle measurement at the exit
of the ﬁnishing mill was input into the model as an initial temperature condition. We can deduce that there is a well agree-
ment between the FEM analysis and the measurement. As a result, it shows that the temperature calculation of this analysis
model has a high accuracy. We can say that the thermal boundary conditions were correctly determined in this model. The
strip has a non-uniform temperature distribution along its transverse direction with a certain temperature drop in the edge
region, and this non-uniform distribution of the temperature retains until the end of the run-out table cooling. The phase
transformations from austenite to ferrite and pearlite take place during the run-out table cooling. At the beginning of water
cooling, temperature decreases with a high speed, while this trend becomes not so much at the later period of water cooling
because of the latent heat released by the phase transformations.
It is well known that temperature plays a great role in the phase transformation in the steel. The non-uniform distribution
of temperature is the main reason for the uneven phase transformation in the strip. For the steel grade calculated, there are
mainly the transformations of austenite to ferrite and pearlite in the steel during the run-out table cooling, and the end
microstructure is also consisted of ferrite and pearlite. The phase fraction distribution calculation results of austenite, ferrite
Fig. 11. The calculation ﬂow chart of the subroutine program HETVAL.
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respectively. Uneven phase transformation process existing along the transverse direction of steel strip can be observed. Be-
cause the main inﬂuence factors on the phase transformation are the temperature and the cooling rate, in turn the uneven
phase transformation is caused by non-uniform temperature distribution. Phase transformation happens ﬁrstly at the edge
region of steel strip because of the temperature drop.
Fig. 19 is the calculation results of phase transformation dependent on temperature at the center and edge of the strip.
The temperature trajectories on the center and edge can also be seen as shown in Fig. 19. The temperature difference be-
tween center and edge is large at the beginning of cooling process, and then becomes small at the end of cooling process.
The phase transformation behaviors occur mainly during the water cooling process, the incubation time is very short. At
the end of the cooling, all austenite transform to ferrite and pearlite, and the microstructure fraction difference between
the center and edge also is shown in Fig. 19.
To verify the phase transformation calculation results, quantitative microstructure measurements were carried out. Seven
samples of hot rolled steel strip HP295 with 1200 mm in width and 4.0 mm in thickness were cut. Microstructure measure-
ments were made at nine positions evenly located along the transverse direction on every sample. All samples were ground
and polished, and etched using 4% natal liquid, then microstructure were observed and photographed under the optical
microscope DMIRM. The average of the measurement results at the same width point for seven samples was conducted,
and the measurement and calculation results of the microstructures are shown as in Fig. 20. Ferrite fraction reaches as high
as about 95% at the edge part of strip and as low as about 80% at the center part of strip, on the contrary pearlite fraction is
about 20% and 5% at center and edge parts, respectively. Statistical analysis was carried out to compare between the mea-
surement and calculation results of ferrite and pearlite phase fractions. The standard error of the calculation results to the
measurements is 0.065 for both of ferrite and pearlite. The ratio of the standard error to the average fraction has a lower level
Fig. 12. The calculation ﬂow chart of the subroutine program UMAT.
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fraction of pearlite is small. The ratio of the standard error to the average fraction is 119% at the edge part and 37% at the
central part. It is very difﬁcult to predict the phase transformation precisely during the cooling process of the steel strip. Con-
sequently we can deduce that the calculated results of phase fractions along transverse direction of strip agree with the mea-
surement conducted on the end product as a reasonable accuracy. The phase transformation model adopted in this work can
predict the microstructure evolution in this kind of steel strip during the cooling with a satisﬁed precision. From the tem-
perature and microstructure analysis, it can be concluded that the non-uniform temperature distribution will lead to uneven
microstructure evolution in the steel strip during the cooling process. And then, these inhomogeneous behaviors in steel
strip will result with internal stresses and have great inﬂuences on the strip ﬂatness.
4.3. Stress analysis results
Because the transverse and normal stresses in steel strip are very small and the strip ﬂatness is mainly attributed by lon-
gitudinal stress distribution along transverse direction, only longitudinal stresses are considered in this work. Fig. 21 is the
Fig. 13. One example of thermal image result and related processed data.
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formation. The thermal stress in the strip increases as the temperature of strip decreases rapidly after the strip enters into
Fig. 14. Temperature evolution along strip’s transverse direction.
Fig. 15. Temperature distribution along the width of the strip at the coiling stage.
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temperature distribution and a high cooling rate. The compressive stress at the strip edge region reaches almost 80 MPa, and
mainly concentrates within the range of 120 mm to the strip edge. For making a comparison between the results obtained in
this work and those of the Refs. [6,11,14], the summary of analysis results of typical references was conducted and listed in
Table. 3, in which mainly the steel grades, gauges, stress results and boundary conditions were concerned. The steel grade
and the working conditions researched in this work have some differences with those in these references. However, the qual-
itative comparison can be made. The pattern of the longitudinal stress distribution agrees well with that obtained by Yoshida
[6] and Cai [11], but is opposite to that of Zhou et al. [14]. There generates compressive stress in the strip edge region within
200 mm while tensile stress in the center part. The temperature drop at the strip edge region and the non-uniform cooling
will lead to edge wave ﬂatness defect. The magnitude order of the stress is close to that of Zhou et al. [14] and Yoshida [6],
while is much lesser than Cai’s result [11]. Temperature decrease within strip edge leads to the thermal stress distribution
pattern of tensile stress at strip center region and compressive stress at strip edge region. That is to say, the strip ﬂatness may
develop to edge wave under the function of the thermal stresses if there is a temperature drop at the strip edge region.
In this part, phase transformation and initial stress were considered to analyze the internal stress evolution in the strip.
Two working conditions of no initial stress and initial stress distribution of 10 I Unit ﬂatness were taken into account. The
calculated results of the stresses can be seen as shown in Fig. 22. From the comparison between Figs. 22 and 21, we can know
that the phase transformation behavior has a great inﬂuence on the internal stress. The largest compressive stress at the strip
Fig. 16. Austenite fraction distribution along strip’s transverse direction.
Fig. 17. Ferrite fraction distribution along strip’s transverse direction.
Fig. 18. Pearlite fraction distribution along strip’s transverse direction.
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Fig. 19. Phase transformation and temperature trajectories at the center and edge of strip.
Fig. 20. Microstructure measurement along transverse direction of strip.
Fig. 21. Longitudinal tress distribution along transverse direction, in which initial stress, coiling tension and phase transformation were not considered.
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Table 3
The summary of analysis results of typical references.
Reference Steel gauges and chemical
composition
Temperature conditions Boundary conditions Cooling patterns Stress and shape results
Yoshida [6] 3.24(thickness)  2173
mm(width);
Fishing temperature: 880 C; Heat transfer coefﬁcient H:
(kcal/m2 h C)
Uniform and non-uniform
cooling, early cooling and later
cooling
50–100 MPa compressive
stresses at edge and 0–10 MPa
tensile stresses at center
0.14%C, 0.9%Mn, 0.05%Si Coiling temperature: 500–600 C;
H ¼ Hrad þ Hconv ðair coolingÞ
Hrad þ Hw ðwater coolingÞ

Temperature drop at strip
edge and non-uniform cooling
lead to edge wave
Temperature difference: 46–109 C
Hrad ¼ emCs½ðTs þ 273Þ2 þ ðTatm þ 273Þ2
ðTs þ Tatm þ 546Þ
Uniform temperature and
cooling, and high coiling
temperature beneﬁt for shape
Hw ¼ H
c
wð1þ 0:1ðB 10xÞ=BÞif x < 0:1B
Hcw if xP 0:1B

Hw ¼ 0:4  Hcw ðlower surfaceÞ
Hw ¼ 1100 early cooling1200 latter cooling

em = 0.7–0.8; Cs = 4.88  105; Hconv = 7.5;
B: width
Cai [11] 3.0(thickness) 
1560 mm(width);
Fishing temperature: 900 C; Same with those of Yoshida [6] Non-uniform early cooling Edge waves, compressive
stresses of 150–250 MPa
within the strip edge zone0.14%C, 0.65%Mn, 0.18%Si Coiling temperature: 600 C;
Temperature difference: 90 C
Zhou et al. [14] 2.0(thickness)⁄1200mm
(width);Chemical compositions
are not available
Fishing temperature: 860 C; No detailed thermal boundary
condition was given. The histories
of the temperature proﬁles in both
longitudinal and transverse
directions were predetermined.
Uniform cooling, early cooling,
later cooling and split cooling
Central buckles, tensile
stresses of 20–80 MPa at the
region of 90 mm to strip edge,
and compressive stresses of
5 MPa in the center
Coiling temperature: 540 C;
Temperature difference: 64–130 C
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Fig. 22. Calculated and measured results of longitudinal stress distribution along strip’s transverse direction, phase transformation was considered.
Fig. 23. Onsite observation of edge buckles on strip, (a) after cooling and before downcoiler, (b) uncoiling process.
606 X. Wang et al. / Applied Mathematical Modelling 37 (2013) 586–609edge can reach to about 180 MPa when the effects of phase transformation induced strains are included in the material con-
stitutive model. In the center part of the strip, the tensile stress also has an increase of about 20 MPa. The range of strip edge
bearing compressive stress also extends from 120 mmwhen only the thermal stress is taken into account to nearly 200 mm.
This illustrates that the stress generated due to the phase transformation is large and even bigger than the thermal stress. It
can be deduced that the prediction result of edge wave defect with considering the phase transformation induced strains will
be larger than that when only thermal stress is considered. The research work of a two deformation analysis model carried
out by Han et al. [12] showed that the displacement in the thickness direction of steel strip is about 0.13 mm when TRIP
effect is taken into account in the constitutive model vice verse it is only 0.02 mm when TRIP effect is not included. The
displacement will be signiﬁcantly underestimated when TRIP effect is neglected. Without considering the TRIP effect on
the internal stress, it is obvious that the calculation results obtained by Yoshida [6] and Zhou et al. [14] are somewhat under-
estimated while the results of Cai [11] are overestimated.
Besides comparison with the results of references, for verifying this analysis model directly, residual stress measurements
on the steel strip were also carried out. X-ray diffraction was adopted as stress measuring method, and the detailed measure-
ments of residual stress also can be seen in Fig. 22. Two HP295 strip samples with length in 4.5 m, width in 1200 mm, and
thickness in 4.0 mm were cut at the position nearly 15 m to strip coil heads. Because stress is much larger at strip edge than
that at strip center, more measuring points were selected at the strip edge region. Flatness values of samples were recorded
by the ﬂatness gauge at the exit of the ﬁnish rolling mill, and the detailed information is: there were 10 I Unit and 10 I Unit
ﬂatness values within the heads of 50 m in the strip coil 6331401410 and 6331401380, respectively. There is a well agree-
ment between the measurements and the calculations not only on stress distribution pattern but also on the magnitude le-
vel. It can be deduced that this analysis model has a high accuracy. It is also veriﬁed that the phase transformation has an
important inﬂuence on prediction accuracy of the residual stress generation and the effect of transformation induced plas-
ticity should not be neglected for precision analysis on the deformation of the steel plate during the cooling.
Fig. 24. Deformation of strip after cooling without initial stress.
Fig. 25. Deformation of strip after cooling with initial stress of 10 I Unit ﬂatness.
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wave, and this phenomenon has been observed during the actual production as shown in Fig. 23. Strip shape after the ﬁnish
rolling, namely the initial stress distribution in steel, has no inﬂuence on this trend. Initial stress only affects the magnitude
of ﬁnal residual stress [27]. If the direction of initial stress is opposite to the direction of internal stress generated in the strip
during the cooling process, then the residual stress will decrease, and inversely the residual stress will increase. That is to say
the internal stress will decrease during the run-out table cooling process when the strip is rolled with a certain center buck-
les, and then the adverse inﬂuence of the cooling process on the strip shape can be reduced.
Figs. 24 and 25 are the deformation results of the strip after cooling without initial stress and with the initial stress of 10 I
Unit center buckle, respectively. When there is no initial stress loaded, the ﬁbers at strip edge have longer elongation than
those at strip center as shown in Fig. 24. Then the strip shape will develop to the edge wave. When there is an initial stress
distribution of 10 I Unit center buckle at beginning of cooling, the elongation difference between the edge and center be-
comes not so much after cooling as shown in Fig. 25. In the numerical analysis of the ﬂatness of thin strip conducted by Zhou
et al. [16], it is showed that the buckling on the steel strip changes from the centre to the edge as the maximum difference in
temperature between the edge and centre increases, correspondingly the edge wave becomes more severe during the cool-
ing process on the run-out table. For the strip with 2 mm in thickness, the temperature drops of 100 C and 130 C between
the edge and centre can lead to the edge buckles of 1026 I Unit and 64110 I Unit, respectively. The strip gauge researched
Table 4
Measurements of actual ﬂatness values of steel strips.
Coil no. Gauges
(thickness width, mm)
Steel grade Aim ﬂatness value
setup at exit of
ﬁnishing mill (I Unit)
Actual ﬂatness value
rolled at exit of
ﬁnishing mill
(I Unit)
Position Flatness value
measured during
decoiling (I Unit)
5473V06030 2.73  1265 Q235B 20 16 Strip head 30 m Flat
5473V02010 5.0  1250 Q235B 10 20 Strip head 40 m Flat
5473V03030 3.98  1250 Q235B 10 15 Strip head 60 m Flat
5473V06360 2.75  1250 Q235B 20 8 Strip head 30 m Flat
5473V04040 2.75  1250 Q235B 20 10 Strip head 30 m Flat
5473V06350 2.75  1250 Q235B 0 20 Strip head 50 m 24
5473V04030 2.75  1250 Q235B 0 5 Strip head 40 m 10
5473R01010 2.75  1250 SPCC 0 10 Strip head 40 m 13
5473M01010 5.48  1250 Q235B 0 0 5
5473V03010 2.75  1250 Q235B 0 0 6
608 X. Wang et al. / Applied Mathematical Modelling 37 (2013) 586–609by Zhou et al. [16] is very thin and easier to be buckling at the same residual stress condition. The analysis result in this work
has a good agreement with this kind of buckling trend.4.4. Strip shape compensation control strategy
From the analysis results presented early, the ﬂatness of hot rolled steel strip has a developing trend to edge wave during
the run-out table cooling under the function of the temperature drop in the edge regions of the strip. Conventional measures
to solve this problem try to improve temperature distribution uniformity along transverse direction through controlling
water ﬂow rate distribution or edge masking [18,34]. However, those measures need modify and install new devices and
control systems. That will increase the investing cost and affect normal production. The analysis results in this work show
that the residual stress will decrease during the cooling process if the central buckle were rolled on the strip before cooling.
As a result, one shape compensation control strategy of slight central wave rolling is proposed in this work. The main idea is
that steel strip is rolled with a certain slight center buckle at the exit of ﬁnishing mill to compensate the ﬂatness change
during the cooling stage. This measurement has the advantages of low investment and easy implementation, compared with
the methods mentioned before for realizing uniform cooling.
This shape compensation control strategy has been employed to improve the strip shape quality in the actual production.
The aim ﬂatness values at the exit of ﬁnishing mill are setup to be 1020 I Unit according to the strip material and the gauge.
To make a clear about the control effect of the slight center wave rolling strategy, comparison work has been done through
tracking the ﬂatness qualities of a large amount of strips. In ﬂatness control model, aim ﬂatness values of 10 or 20 I Unit were
setup for some strips, while 0 I Unit was setup for others. Firstly, the ﬂatness at the exit of ﬁnishing mill was measured by the
ﬂatness gauge meter, and then the actual ﬂatness of that strip was measured during the uncoiling process. Part of the track-
ing results is listed in Table. 4. All strips rolled to be center buckles have good ﬂatness qualities after cooling. On the contrary,
those rolled to be ﬂat become wavy edges after the cooling, and even severer for those rolled to be wavy edges. In turn, it can
be deduced that the compensation control strategy of slight central wave rolling has a good effect.5. Conclusions
A thermal, microstructural and mechanical coupling analysis model for predicting ﬂatness change of the steel strip during
the run-out table cooling was established using ABAQUS Finite Element Software in this work.
(1) Esaka phase transformation kinetics model was employed to calculate the phase transformation happened during the
cooling process of hot rolled strip, and coupled with temperature calculation using the user subroutine program
HETVAL.
(2) The elasto-plasticity constitutive model of the steel material including thermal and microstructural behaviors at the
same time, in which the conventional elastic and plastic strains, thermal strain, phase transformation strain resulted
by phase volume change and transformation induced plastic strain calculated using Greenwood-Johnson model mod-
iﬁed by Leblond were taken into account, was employed and realized using the user subroutine program UMAT.
(3) The conclusion that the ﬂatness of steel strip will develop to edge wave under the functions of the transverse thermal
and microstructural behavior differences during the run-out table cooling procedure was acquired through the anal-
ysis results of this model. Calculation results of this analysis model agree well with the actual measurements.
(4) It is veriﬁed that the phase transformation has an important inﬂuence on prediction accuracy of the residual stress
generation and the effect of transformation induced plasticity should not be neglected for precision analysis on the
deformation of the steel plate during the cooling.
(5) The strip shape compensation control strategy of slight center wave rolling was proposed on the basic of analysis
results of this model and applied in the actual production with a good effect.
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